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Abstract

Background

Colistin serves as the last line of defense against multidrug resistant Gram-negative bacte-

rial infections in both human and veterinary medicine. This study aimed to investigate the

occurrence and spread of colistin-resistant Enterobacterales (ColR-E) using a One Health

approach in Belgium and in the Netherlands.

Methods

In a transnational research project, a total of 998 hospitalized patients, 1430 long-term care

facility (LTCF) residents, 947 children attending day care centres, 1597 pigs and 1691 broil-

ers were sampled for the presence of ColR-E in 2017 and 2018, followed by a second round

twelve months later for hospitalized patients and animals. Colistin treatment incidence in

livestock farms was used to determine the association between colistin use and resistance.

Selective cultures and colistin minimum inhibitory concentrations (MIC) were employed to

identify ColR-E. A combination of short-read and long-read sequencing was utilized to

investigate the molecular characteristics of 562 colistin-resistant isolates. Core genome
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multi-locus sequence typing (cgMLST) was applied to examine potential transmission

events.

Results

The presence of ColR-E was observed in all One Health sectors. In Dutch hospitalized

patients, ColR-E proportions (11.3 and 11.8% in both measurements) were higher than in

Belgian patients (4.4 and 7.9% in both measurements), while the occurrence of ColR-E in

Belgian LTCF residents (10.2%) and children in day care centres (17.6%) was higher than

in their Dutch counterparts (5.6% and 12.8%, respectively). Colistin use in pig farms was

associated with the occurrence of colistin resistance. The percentage of pigs carrying ColR-

E was 21.8 and 23.3% in Belgium and 14.6% and 8.9% in the Netherlands during both mea-

surements. The proportion of broilers carrying ColR-E in the Netherlands (5.3 and 1.5%)

was higher compared to Belgium (1.5 and 0.7%) in both measurements. mcr-harboring E.

coli were detected in 17.4% (31/178) of the screened pigs from 7 Belgian pig farms. Concur-

rently, four human-related Enterobacter spp. isolates harbored mcr-9.1 and mcr-10 genes.

The majority of colistin-resistant isolates (419/473, 88.6% E. coli; 126/166, 75.9% Klebsiella

spp.; 50/75, 66.7% Enterobacter spp.) were susceptible to the critically important antibiotics

(extended-spectrum cephalosporins, fluoroquinolones, carbapenems and aminoglyco-

sides). Chromosomal colistin resistance mutations have been identified in globally prevalent

high-risk clonal lineages, including E. coli ST131 (n = 17) and ST1193 (n = 4). Clonally

related isolates were detected in different patients, healthy individuals and livestock animals

of the same site suggesting local transmission. Clonal clustering of E. coli ST10 and K.

pneumoniae ST45 was identified in different sites from both countries suggesting that these

clones have the potential to spread colistin resistance through the human population or

were acquired by exposure to a common (food) source. In pig farms, the continuous circula-

tion of related isolates was observed over time. Inter-host transmission between humans

and livestock animals was not detected.

Conclusions

The findings of this study contribute to a broader understanding of ColR-E prevalence and

the possible pathways of transmission, offering insights valuable to both academic research

and public health policy development.

Introduction

Colistin (polymyxin E) has been classified by the World Health Organization (WHO) as criti-

cally important for human medicine with the highest priority [1]. It is also recognized as an

antibiotic of high importance in veterinary medicine by the World Organization for Animal

Health (OIE) [2]. Colistin is administered orally in animals for the treatment of gastrointesti-

nal infections and sepsis caused by Enterobacterales in intensive husbandry systems, mainly in

swine and poultry [3–5]. In healthcare settings, colistin is a reserve antibiotic for multidrug-

resistant (MDR) Gram-negative infections [1,4,6] and it is also used for the treatment of P. aer-
uginosa infections in cystic fibrosis patients, topical treatment of otitis externa or ophthalmic

infections [4] and for selective decontamination in critically ill patients [7,8]. With the increas-

ing number of hospital outbreaks with carbapenemase-producing Enterobacterales (mostly
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Klebsiella species) and MDR non-fermentative Gram-negative bacteria (Pseudomonas and Aci-
netobacter species), colistin plays a key role for public health [3,9]. The rising incidence of

MDR and colistin-resistant Gram-negative Enterobacterales among the human and animal

populations has led to a lack of effective therapeutic approaches for these infections, resulting

in suboptimal clinical outcomes [4].

The emergence of colistin resistance is primarily due to alterations in lipopolysaccharide

(LPS), the primary target site for this antibiotic [10,11]. Such modification can result from

chromosomal mutations that cause overexpression of the pmrHFIJKLM operon, pmrCAB
operon and the pmrE gene, as well as the presence of plasmid-mediated mobile colistin resis-

tance (mcr) genes. As many as eleven plasmid replicon types, including IncI2, IncX4, IncP,

IncX, and IncFII, have been linked to the transmission of colistin-resistance genes [12,13].

Furthermore, these plasmids exhibit a high degree of stability [14]. Colistin resistance genes

have been isolated from poultry, pigs, cattle, animal-derived food products and human isolates

[15].

In the context of the global dissemination of colistin resistance, key contributing factors are

the international trade of food animals and meat, as well as global mobility of colonized or

infected individuals [16]. A meta-analysis has revealed that the primary reservoirs of mcr-har-

boring E. coli were found in chickens and pigs with estimated global prevalences of 15.8% and

14.9%, respectively. Lower prevalences of plasmid-mediated colistin resistance were observed

in E. coli isolates from healthy human populations (7.4%) and clinical samples (4.2%) [13]. Evi-

dence of clonal transmission within the livestock sectors and into the meat sectors exists

[17,18]. mcr genes were also detected in wastewater, rivers and seawater [14,19,20] and in dog

feces and flies [14]. This highlights the importance of an integrated, multisectoral approach

that fits within the concept of One Health-i.e. across human, animal and environmental health.

However, currently, surveillance systems in livestock and humans are heterogeneous in

Europe [21]. In 2014, European monitoring for colistin resistance in Salmonella and indicator

microorganism E. coli in animals became mandatory (Regulation 2013/652/EU) [3]. In con-

trast, surveillance of colistin resistance in Gram-negative clinical isolates from humans is not

yet implemented in Europe. Consequently, it is crucial to monitor the presence and transmis-

sion of antibiotic resistance in key reservoirs, such as humans, chickens and pigs in order to

effectively combat the emergence and spread of colistin-resistant bacteria and colistin resis-

tance genes. Current data from global studies describing the circulation of colistin-resistant

bacteria among humans, animals, food and the environment is scarce.

Utilizing a One Health approach with harmonized and comparable methodology, our

study examines the prevalence and possible dissemination of colistin-resistant Enterobacter-

ales (ColR-E) in hospital patients, long-term care facility (LTCF) residents and healthy chil-

dren in day care centres, as well as in broilers and pigs on farms in Belgium and the

Netherlands. We also aimed to elucidate the molecular basis of colistin resistance in different

human healthcare settings and in livestock farming environments.

Materials and methods

Setting, study period and sample/strain collection

This study is part of the i-4-1-Health Interreg project, a One Health project on the prevalence

and spread of antimicrobial resistance in the human and veterinary domain in the Dutch-Bel-

gian cross-border region. An analysis of 6591 fecal, perianal or gastrointestinal stoma samples

was conducted. These samples were obtained from hospitalized patients (n = 998), LTCF resi-

dents (n = 1430), children attending day care centres (n = 947), pigs (n = 1597) and broilers

(n = 1619) across Flanders, Belgium and the South of the Netherlands.
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The recruitment and collection period spanned from 25 September 2017 to 22 February

2019. The samples originated from different sites: three hospitals (one from Belgium and two

from the Netherlands), 30 LTCFs (thirteen from Belgium and seventeen from the Nether-

lands), 45 day care centres (seventeen from Belgium and 28 from the Netherlands), 31 multi-

plier pig farms (fifteen from Belgium and sixteen from the Netherlands) and 29 broiler farms

(fifteen from Belgium and fourteen from the Netherlands) (S1 Table). Sites were included

based on the location (Belgian-Dutch border region). Additionally, the farms were included

based on the farm type (conventional broiler farms and multiplier pig farms) and relative level

of antibiotic use which exceeded the average use compared to the national benchmark value in

the respective countries. Farm characteristics and antibiotic use were described previously

[22]. Screened patients were hospitalized in four different wards including at least one surgical

unit and an internal medicine ward in each hospital. Screening for rectal carriage was per-

formed on a single day every two weeks in a two months time period. In the farms, samples

were collected in a stratified-random sampling design. The collection of 30 fecal samples per

farm was aimed, evenly distributed over different units (broiler houses or rooms with weaned

pigs) to take into account intra-farm variability.

Samples were collected cross-sectionally using a nylon-flocked swab with 2 mL Cary-Blair

transport medium (FecalSwabTM, Copan Italy, Brescia, Italy). Two rounds of repeated surveys,

with a one-year interval between each measurement, were performed in hospitals and in live-

stock farms. A single survey was performed in long-term care facilities and in day care centres.

Colistin use in livestock farms

Colistin use in the livestock farms was calculated from registration documents provided by

national quality assurance organizations, the farmers or farm veterinarians (S2 Table). Antibi-

otic use was quantified as the treatment incidence per 100 days for pigs and per production

round for broilers described by Caekebeke and colleagues (2020) [22].

Isolation of colistin-resistant Enterobacterales and antibiotic susceptibility

testing

Protocols followed for collection and culturing of specimens were similar in the two countries.

Selective isolation of ColR-E was performed as previously described by Kluytmans-van den

Bergh and colleagues [23]. Briefly, swabs were pre-enriched in a non-selective tryptic soy

broth (Copan, Brescia, Italy) and directly cultured on blood agar as a positive control. After

18–24 hours of incubation at 35–37˚C, enrichment broths were subcultured on selective agar

(eosine methylene blue agar (Oxoid, Basingstoke, United Kingdom) supplemented with 3.5

mg/L colistin, 10 mg/L daptomycin and 5 mg/L amphoterin B (Sigma-Aldrich, Saint Louis,

United States)). After 18–24 hours of incubation, isolates were identified with MALDI-TOF.

All non-intrinsically resistant Enterobacterales species were subjected to broth microdilution

(Micronaut MIC-Strip Colistin, Merlin Diagnostika GmbH, Bornheim, Germany) for colistin

minimum inhibitory concentration (MIC) determination at the University of Antwerp. Refer-

ence strains E. coli ATCC25922 (colistin MIC: 0.25 mg/L), P. aeruginosa ATCC27853 (colistin

MIC: 1 mg/L), E. coli NCTC 13846 (mcr-1 positive, colistin MIC: 4 mg/L) and in-house K.

pneumoniae 08400 (colistin MIC: 64 mg/L) were used as quality controls. Besides colistin, anti-

biotic susceptibility testing was performed with a distinct local panel for antibiotic susceptibil-

ity testing, by Amphia Hospital (Breda, the Netherlands) for the Dutch isolates (ampicillin,

amoxicillin-clavulanic acid, piperacillin-tazobactam, cefoxitin, cefuroxime, ceftazidime, cefo-

taxime, ciprofloxacin, gentamicin, meropenem, trimethoprim-sulfamethoxazole 1:19, fosfo-

mycin using VITEK 21 (N344), bioMérieux, Marcy l’Etoile, France) and by University of
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Antwerp and Antwerp University Hospital for the Belgian isolates (ampicillin (10μg), amoxi-

cillin–clavulanic acid (20/10μg), piperacillin–tazobactam (30/6μg), cefoxitin (30μg), cefurox-

ime (30μg), ceftriaxone (30μg), ceftazidime (10μg), ciprofloxacin (5μg), meropenem (10μg),

amikacin (30μg), trimethoprim-sulfamethoxazole (1.25/23.75μg) and fosfomycin (200μg)

using disk diffusion (Rosco, Taastrup, Denmark)) as described before [23]. The EUCAST

breakpoints v12.0 (January 2022) were used for the interpretation of antibiotic susceptibility

and resistance. Multidrug resistance is defined as resistance to at least one antimicrobial drug

in three or more antibiotic classes [24].

Short-and long-read sequencing of colistin-resistant Enterobacterales

Whole genome sequencing was performed on isolates identified as Escherichia coli, Klebsiella
spp. and Enterobacter spp. Selection for sequencing was based on unique isolates exhibiting

variations in susceptibility or resistance for at least one antibiotic class as well as two-fold (or

larger) differences in colistin MIC, when multiple isolates were obtained from each individual

or farms. This selection led to the whole genome sequencing of 562 colistin-resistant isolates.

Additionally, 3 colistin-susceptible E. coli and 6 colistin-susceptible K. pneumoniae were

sequenced and were used for comparison with resistant isolates within the study setting. Two

colistin-resistant K. pneumoniae (1103990 and 1101433) and one colistin-susceptible K. pneu-
moniae (1101124) were selected for long-read sequencing on PacBio Sequel 1 (Pacific Biosci-

ences, CA, USA). All other isolates were sequenced using the short-read Illumina MiSeq

(Illumina, San Diego, CA, USA).

For short-read sequencing, a single colony was inoculated in 4 mL Mueller Hinton broth and

incubated overnight at 35–37˚C. The MasterPure Complete DNA & RNA Purification kit (Epi-

centre, Madison, WI, USA) was used to extract genomic DNA. Libraries were prepared using the

Nextera XT sample preparation kit (Illumina, San Diego, CA, USA) and sequenced with 2x 250

bp paired end sequencing using the Illumina MiSeq platform (Illumina, San Diego, CA, USA).

For long-read sequencing, high-molecular-weight DNA was isolated from fresh overnight

cultures. Briefly, a single bacterial colony was inoculated in 10 mL Mueller-Hinton broth and

incubated overnight at 35–37˚C. DNA was extracted using the MagAttract HMW DNA kit

(Qiagen, Hilden, Germany) according to the manufacturer’s protocol. DNA concentrations

were measured using Qubit fluorometer (Thermo Fisher Scientific, Waltham, MA, USA).

Sequencing libraries were prepared using the SMRTbell Express Template Prep kit 2.0 (Pacific

BioSciences, CA, USA) and whole-genome sequencing was performed on the PacBio Sequel I

using the Sequel Sequencing kit 3.0 (Pacific BioSciences, CA, USA). The sequences were sub-

mitted to NCBI under BioProject PRJNA927131. An overview of the sequenced isolates and

their phenotypic and genotypic characteristics is provided in S3 Table.

De novo assembly, genotyping and phylogenetic analysis

Short-read data was trimmed with TrimGalore v.0.4.4 (https://github.com/FelixKrueger/

TrimGalore) and assembled de novo using SPAdes v.3.13.0 [25] built within BacPipe v1.2.6

[26]. Assembly of long-read sequencing data was done using HGAP with default parameters,

included in SMRT Link v10.1 (Pacific BioSciences, CA, USA). Assembly quality was assessed

with Quast [27]. The assembled genome was annotated using Prokka v.1.12 [28]. Additional

analysis was performed using BacPipe v1.2.6 including the PubMLST database [29], ResFinder

(database 2022-05-24) [30], virulence factor database (VFDB) [31] and PlasmidFinder (data-

base 2021-11-29) [32] and PointFinder (database 2021-02-01) [33]. Species identification was

confirmed based on WGS data using PubMLST [29]. Kleborate 2.2.0 was used to genotypically

characterize Klebsiella spp. [34].
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Colistin-susceptible strains used as a reference for detection of colistin resistant mutations

are listed in S4 Table. For all isolates, mutations in the pmrAB and phoPQ two-component sys-

tems were determined. For E. coli, mutations in pmrC, pmrD and mgrB were additionally

investigated. For K. pneumoniae, mutations in pmrC, pmrD, mgrB and its promotor region,

crrAB, yciM, lpxM and arnA were additionally explored. For Enterobacter spp., mutations in

mgrB and its promotor were also considered [11,35]. Virulence genes were functionally classi-

fied according to the VFDB [31].

For core genome multilocus sequence typing (cgMLST), a gene-by-gene approach was uti-

lized by developing a tailor-made scheme for the specific study, and subsequently assessing

allelic loci distances using ChewBBACA [36]. Clonal relatedness was defined as�10,�11 or

�12 allelic differences between isolates of E. coli [37,38], Enterobacter spp. [39] and Klebsiella
spp. [39], respectively. Trees were visualized using Grapetree [40].

Statistical tests and visualization

Statistical tests and visualization were performed using R version 4.2.0 [41]. Differences in pro-

portions of colistin resistance between the first and second measurement per One Health sector

and country were tested using generalized linear models with a negative binomial distribution.

Clustering within wards or units was taken into account. Associations between colistin use and

resistance in livestock farms were assessed using a generalized linear model. The association

between the presence of an iron uptake system and animal-or human-derived isolates was tested

with the Fisher’s exact test. P-values of<0.05 were considered statistically significant.

Ethics statement

The study protocol was review by the Medical Research and Ethics Committee of the University

Medical Center Utrecht (Utrecht, the Netherlands) (Protocol Number 17-426/C) and the Ethics

Committee of the University Hospital Antwerp (Antwerp, Belgium) (Belgian Registration Num-

ber B300210733784), the Medical Research and Ethics Committee of the Maastricht University

Medical Center+ (Maastricht, the Netherlands) (METC 2017–0115 and METC 2017–0116), the

Ethics Committee of the University Hospitals Leuven (Leuven, Belgium) (S61807 and S61353).

The study was judged to be beyond the scope of the Medical Research Involving Human Subjects

Act and the Belgian Law on Experiments on Humans, dated May 7th, 2004. Written (in Belgium,

via information and consent form) or verbal (in the Netherlands) informed consent for data col-

lection and taking the fecal, perianal or gastrointestinal stoma swab for microbiological culture

was obtained from all participants or their legal representatives. The authors did not have access

to information that could identify individual participants during or after data collection.

Approval by an animal welfare body was not required. The procedure to collect fresh fecal

droppings is considered to cause no discomfort, and animals were neither handled nor sacri-

ficed during the study (EC Directive 2010/63). All data were anonymized, i.e. data cannot be

directly or indirectly related to their source. Data on institutions and farms were pseudony-

mized, i.e. identifying information replaced by a code and a key file that links this code to the

identifying information is kept separate from the research data.

Results

Presence of colistin-resistant Enterobacterales in hospitals, long-term care

facilities, day care centres and farms in Belgium and the Netherlands

Of the 1268 Enterobacterales isolates picked from the selective colistin agar plate, 748 (58.9%)

were confirmed as colistin resistant (MIC�4 mg/L). These colistin-resistant isolates were
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distributed in 24 bacterial species, the majority being Escherichia coli (63.2%), followed by

Klebsiella spp. (22.5%), three quarter of which were Klebsiella pneumoniae, and 10.0% of Enter-
obacter spp. A larger variety in bacterial species was carried by humans compared to livestock

animals (S1 Fig).

ColR-E isolates were found in all investigated One Health sectors, albeit with different fre-

quency of occurrence by sector (Fig 1A). Each measurement, the percentage of patients carry-

ing ColR-E at one Belgian hospital (7/160 (4.4%) and 16/202 (7.9%)) was significantly lower

compared to the prevalence observed among patients at two Dutch hospitals (43/382 (11.3%)

and 30/254 (11.8%)) (p<0.001) (Table 1). Similar occurrences were observed between the two

Dutch hospitals and the two measurements (9.1–12.2%).

On the other hand, the prevalence of ColR-E colonization was significantly higher in Bel-

gian LTCF residents (67/656, 10.2%) as opposed to their Dutch counterparts (43/774, 5.6%). A

total of 11/13 Belgian LTCF and 14/17 Dutch LTCF were positive for ColR-E with up to 21.6%

and 16.7% of the residents colonized within a Belgian and Dutch LTCF, respectively. Similarly,

the ColR-E colonization rate was higher in children attending day care centres in Belgium (79/

448, 17.6%) than in those attending similar facilities in the Netherlands (64/499, 12.8%). Fif-

teen out of seventeen Belgian and 22/28 Dutch day care centres were ColR-E positive with up

to 35.7% and 31.6% of the children colonized in a Belgian and Dutch day care centre,

respectively.

The lowest occurrences were detected in the broiler farms in Belgium and the Netherlands.

Each measurement, a larger proportion of the broilers were colonized in the Netherlands (20/

380 (5.3%) and 6/390 (1.5%)) compared to Belgium (6/399 (1.5%) and 3/450 (0.7%)). ColR-E

isolates were detected in 3/15 Belgian broiler farms. Within-farm occurrences ranged from 0

to 10% in the first and 0 to 3.3% in the second measurement. The number of Dutch broiler

farms positive for ColR-E declined from 9/14 in the first measurement to 4/13 farms in the sec-

ond measurement. Within-farm occurrences in the Dutch broiler farms ranged from 0 to

16.7% in the first measurement and from 0 to 10% in the second measurement.

The proportion of positive samples was higher in the Belgian pig farms than in the Dutch

pig farms at both measurements: 87/399 (21.8%) and 98/420 (23.3%) vs 48/328 (14.6%) and

40/450 (8.9%), respectively. However, the percentage of positive samples varied greatly

between different pig farms (0%-93.3% in Belgium and 0–46.7% in the Netherlands) (Fig 1B).

Two Belgian pig farms showed consistently high occurrence of colistin resistance (�70%) over

a period of one year. On the other hand, ten Belgian broiler farms, one Dutch pig farm and

four Dutch broiler farms showed no colistin resistance over the two measurements.

When investigating carriage of indicator bacteria (E. coli, Klebsiella spp. and Enterobacter
spp) individually, few ColR-E. coli were detected in Belgian hospitalized patients (1.3%) com-

pared to Dutch patients (7.1%) in the first measurement. The percentage of hospitalized

patients carrying MDR isolates was similar in Belgium and the Netherlands (3.8–5.9%), while

slightly higher percentages of older adults (3.2%) and children (6.3%) carried MDR isolates in

Belgium compared to those in the Netherlands (1.9% of the older adults and 3.4% of the chil-

dren). Similarly, MDR isolates were more prevalent in Belgian pigs (18.1–19.1%) compared to

Dutch pigs (8.8–7.1%) in both measurements (S2 Fig).

Colistin use in broiler and pig farms

In the study period, colistin treatment incidence was higher in the pig populations in compari-

son to broiler chickens. Among the surveyed farms, nearly all Belgian (14/15) and the majority

of Dutch (11/15) pig farms employed colistin as a treatment six months before or during the

study period (Fig 1B). In contrast, its use was limited to only one Belgian and two Dutch
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Fig 1. Occurrence of colistin resistance in One Health sectors (A) and colistin treatment incidence in farms (B). (A) Boxplots of the occurrence of colistin-

resistant Enterobacterales in hospitalized patients, individuals in day care centres and long-term care facilities, broilers and pigs. Differences in the occurrences

of colistin resistance were tested using generalized linear models with negative binomial distribution. * (p<0.05), ** (p<0.01), *** (p<0.001). (B) Occurrence of

colistin-resistant Enterobacterales and colistin treatment incidence per farm. Colistin treatment incidence includes prescriptions one year before the first

measurement (1) and between the first and second measurement (2). BE: Belgium, NL: The Netherlands, LTCF: Long-term care facility, NA: Data not available.

https://doi.org/10.1371/journal.pone.0298096.g001
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broiler farms. Notably, the colistin treatment frequency across the livestock farms displayed

high variability on a per-farm basis. In particular, three Belgian pig farms (farm IDs 1508, 1509

and 1512) showed high colistin use during and between the measurement periods which was

linked to a high occurrence of colistin resistance (>50% of the pigs positive for carriage of

colistin-resistant Enterobacterales) (Fig 1B). Colistin resistance was positively associated with

the prior use of colistin within pig farms (Table 2).

Table 1. Comparison of colistin resistance between Belgium and the Netherlands by measurement and by sector.

Sector

(measurement)

Number of

samples

Colistin resistance (%)

(range of within site percentage

of positive samples)

Number of positive

sites

Risk

difference (%)

95% CI p-value

BE a NLb BE a NL b BE a NL b

Hospital (1) 160 382 4.4 11.3 (9.1–11.3) 1/1 2/2 6.9 3.9–9.9 *** (<0.001)

Hospital (2) 202 254 7.9 11.8 (11.7–12.2) 1/1 2/2 3.9 2.2–5.5 *** (<0.001)

LTCF 656 774 10.2 (1.9–21.6) 5.6 (0–16.7) 11/13 14/17 -4.7 -7.9 - -1.4 ** (<0.01)

Day care 448 499 17.6 (0–35.7) 12.8 (0–31.6) 15/17 22/28 -4.8 -9.6 - -0.1 * (<0.05)

Broiler (1) 399 380 1.5 (0–10) 5.3 (0–16.7) 3/15 9/14 3.8 0.9–6.6 ** (<0.01)

Broiler (2) 450 390 0.7 (0–3.3) 1.5 (0–10) 3/15 4/13 0.9 -0.6–2.4 ns c

Pig (1) 399 328 21.8 (0–86.7) 14.6 (0–46.7) 11/15 11/13 -7.2 -18.0–3.7 ns c

Pig (2) 420 450 23.3 (0–93.3) 8.9 (0–46.7) 12/14 12/15 -14.4 -26.8 - -2.1 * (<0.05)

Differences in the proportions of colistin resistance between Belgium and the Netherlands were tested using generalized linear models with a negative binomial

distribution. P-values of <0.05 were considered statistically significant. aBE: Belgium, bNL: Netherlands, cns: Not significant.

*** (p<0.001)

** (p<0.01)

* (p<0.05).

https://doi.org/10.1371/journal.pone.0298096.t001

Table 2. Association of colistin resistance with prior colistin use in pig farms in Belgium (n = 14) and the Netherlands (n = 15).

Measurement Colistin use Country Estimated change in odds of colistin resistance for each unit increase in

colistin usea
95% CI p-value

Measurement

1

1 year before measurement Belgium 1.13 1.04–

1.23

* (<0.05)

Netherlands 1.08 0.71–

1.66

nsb

Measurement

2

2–3 years before measurement Belgium 1.12 1.02–

1.22

* (<0.05)

Netherlands 0.87 0.47–

1.61

nsb

6 to 15 months before

measurement

Belgium 1.22 1.09–

1.36

**
(<0.01)

Netherlands 1.85 1.20–

2.86

* (<0.05)

6 months before measurement Belgium 1.18 1.03–

1.35

* (<0.05)

Netherlands 1.39 1.09–

1.76

* (<0.05)

A total of 379 and 420 Belgian as well as 298 and 450 Dutch pigs were screened for the carriage of colistin-resistant Enterobacterales in the first and second

measurements, respectively. Associations were assessed using a generalized linear model.
a The estimated change in odds represents the odds of colistin resistance after colistin use compared to the odds of colistin resistance without colistin use.
b ns: Not significant.

https://doi.org/10.1371/journal.pone.0298096.t002
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Chromosomal and plasmid-mediated colistin resistance detected in

colistin-resistant E. coli, Klebsiella spp. and Enterobacter spp.

A total of 343 Escherichia coli, 112 Klebsiella pneumoniae, 28 Enterobacter (quasi)roggenkampii,
24 Klebsiella variicola, 13 Enterobacter cloacae, 10 Enterobacter asburiae, 8 Enterobacter kobei,
6 Klebsiella michiganensis, 5 Enterobacter hormaechei, 5 Enterobacter ludwigii, 4 Klebsiella qua-
sipneumoniae, 2 Klebsiella aerogenes, 2 Klebsiella oxytoca were sequenced to study the molecu-

lar make-up of colistin-resistant isolates.

Overall, mutations were most prevalent in pmrB (440/562, 78.3%), followed by pmrA (222/

562, 39.5%) and phoQ (186/562, 33.1%). Mutations in phoP were less prevalent (27/562, 4.8%)

(S3 Table). Alterations in mgrB or its promotor region were detected in E. coli (76/343, 22.2%),

Enterobacter spp. (32/69, 46.4%) and Klebsiella spp. (93/150, 62.0%) (S5 Table). Concurrent

mutations in two component system PmrAB and PhoPQ or its regulators were present in

most isolates (508/571), however, single mutations led to colistin resistance in 49 isolates

(8.7%) (S6 Table).

Plasmid-mediated mcr-genes were detected in 36 of the 562 sequenced colistin-resistant

isolates (6.4%). The mcr genes were detected in 31/178 (17.4%) of the screened pigs, none of

the broilers, 1/96 (1.0%) of the hospitalized patients, 2/112 (1.8%) of the residents in LTCF and

1/146 (0.7%) of the children. Bacterial species were 31 E. coli (83.8%), 1 E. asburiae (2.7%), 1 E.

roggenkampii (2.7%), 2 E. kobei (5.4%) and 1 E. hormaechei (2.7%). Plasmid-mediated colistin

resistance genes were not detected in any Klebsiella species isolates. Genes mcr-1.1, mcr-2.1,

mcr-2.2 and mcr-5.1 were all detected in E. coli isolated from Belgian pig farms, while mcr-9
and mcr-10 were detected in Enterobacter isolates from hospitalized patients and healthy indi-

viduals (from a Belgian hospital, day care center and LTCF, and a Dutch hospital).

Different MGEs were flanking these mcr-genes: IS26 flanked mcr-1.1, mcr-5.1, mcr-9.1 and

mcr-10, ISApI1 flanked mcr-1.1, while mcr-2 was flanked by ISEc69. The presence of mcr-1.1
and mcr-2.1 genes was observed on IncX4 and IncHI2 plasmids, while the mcr-5.1 genes could

be identified on an IncFII (29) plasmid (Fig 2). Aligning the reads to the most similar reference

plasmid sequence according to blastn, showed that several mcr-1.1-harboring sequences from

Belgian pig farm 12 were highly similar (query coverage 100%, >99.70% identity) to

pMFDS2258.1 (accession number MK869757.1), a plasmid isolated from chicken meat from

Brazil in 2017 (S3A Fig). Similarly, an mcr-1-haboring plasmid from pig farm 7 was aligned to

a plasmid from an Italian stream (accession number MF449287.1) (S3D Fig). Other mcr-1.1
plasmid sequences from Belgian pigs could be aligned to various IncX4 and IncHI2 plasmids

with lower query coverages (1%-77%) (S3B–S3E Fig). In addition, high query coverage

(>99%) was found between mcr-2-harboring sequences from Belgian pig farms 4 and 9 to

pKP37 (accession number LT598652.1), an mcr-2.1- carrying plasmid isolated from Belgian

pigs in 2016 [42] (S3F Fig). Both the mcr-1- and the mcr-2-harboring plasmids were detected

over time in the same pig farms, suggesting the persistence of these plasmids in the farms over

a period of one year. mcr-5.1 sequences from Belgian pigs were aligned to a plasmid from

human stool in Mexico (pYU07-18_89; CP035549.1, query coverage 95%) and from pork meat

in Vietnam (pVE155; AP018354.1, query coverage 57%) (S3G and S3H Fig). mcr-9 and mcr-
10- containing plasmids showed similarities with plasmids previously isolated in Egypt, Spain

and China (query coverage 0.7–89%) (S3I–S3L Fig).

Phenotypic and genotypic resistance identified in colistin-resistant isolates

in various One Health sectors

Phenotypic MDR was detected in 61.5% (291/473) of E. coli, 33.1% (55/166) Klebsiella spp.

and 78.7% (55/75) of Enterobacter spp. isolates. Colistin-resistant and MDR human isolates
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were most commonly resistant to ampicillin (46.8% of the human MDR isolates), to amoxicil-

lin- clavulanic acid (71.2%) and to cefoxitin (43.2%). MDR livestock-derived isolates were reg-

ularly resistant to ampicillin (80.0% of broiler MDR isolates, 83.0% of the porcine MDR

isolates) and to trimethoprim-sulfamethoxazole (76.0% of broiler MDR isolates, 83.0% of the

porcine MDR isolates). The percentage of livestock-derived E. coli (82.4%) and Klebsiella spp.

(58.5%) isolates with an MDR phenotype was higher compared to human isolates (30.2% of E.

coli and 16.8% of Klebsiella spp.). For Enterobacter isolates, this difference in MDR proportions

was not observed (83.3% of the animal and 78.3% of the human isolates) (Fig 3A). Nonetheless,

the majority of the colistin-resistant E. coli (419/473, 88.6%), Klebsiella spp., (126/166, 75.9%)

and Enterobacter spp. (50/75, 66.7%) were phenotypically susceptible to the critically impor-

tant antibiotics (fluoroquinolones, extended-spectrum cephalosporins, carbapenems and ami-

noglycosides). Carbapenem resistance and carbapenemase genes were not found in any isolate

of the different settings. Phenotypic resistance rates to extended-spectrum cephalosporins, flu-

oroquinolones or aminoglycosides were relatively low (7.2%, 6.2% and 2.9% of the isolates,

respectively) (Fig 3B). Acquired ESBL genes were detected in 2.8% of the isolates, qnr genes

were detected in 6.9% isolates and mutations in the quinolone-resistance determining regions

(QRDR) were detected in 10.3% of the isolates (Fig 4).

Associated resistance in colistin-resistant E. coli
Resistance to extended-spectrum cephalosporins was detected in 4.0% (19/473) of the E. coli
isolates from all sectors, except from Dutch pig farms. ESBL genes (blaCTX-M) were acquired

by 2.6% (9/343) of the sequenced E. coli. Phenotypic resistance to ciprofloxacin was detected

Fig 2. Sankey diagram of the origin and genetic context of mcr-genes. The closest IS element to the mcr gene is indicated together with the upstream (U) or

downstream (D) and distance to the mcr gene. The width of the lines in the diagram is proportional to the number of isolates. LTCF: Long-term care facility,

BE: Belgium, NL: The Netherlands, compTn: Composite transposon.

https://doi.org/10.1371/journal.pone.0298096.g002
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in 6.8% (32/473) of the isolated E. coli. Plasmid-mediated qnr genes were detected in two hos-

pitalized patients from the Netherlands and two children, one LTCF resident and twelve pigs

from Belgium. A total of 12.2% (42/343) harbored one or more mutations in gyrA, parC and/

or parE (Fig 4). Phenotypic aminoglycoside (gentamicin, tobramycin or amikacin) resistance

was present in E. coli from Dutch hospital patients, Belgian broilers and Belgian and Dutch

pigs (3.6%, 17/343). The aac(3) family resistance genes was present in 4.1% (14/343). Com-

bined resistance to colistin, extended-spectrum cephalosporins, fluoroquinolones and amino-

glycosides was detected in 2 E. coli isolates (0.4%) from Dutch hospitals.

Fig 3. Phenotypic antibiotic resistance of colistin-resistant Enterobacterales. (A) Stacked barplots of the proportion of isolates phenotypically resistant to a

number of antibiotic classes. (B) Stacked barplots of the proportion of isolates phenotypically resistant to critically important antibiotics. AG: Aminoglycosides,

COL: Colistin, ESC: Extended-spectrum cephalosporins, FQ: Fluoroquinolones, LTCF: Long-term care facility, BE: Belgium, NL: The Netherlands.

https://doi.org/10.1371/journal.pone.0298096.g003
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Fig 4. Genotypic fluoroquinolone resistance mutations (A) and resistance genes (B) for critically important antibiotics

detected in colistin-resistant Enterobacterales. (A) Stacked barplots of the proportion of colistin-resistant E. coli and

Klebsiella spp. with mutations in the quinolone-resistance determining regions (QRDR) linked to fluoroquinolone

resistance. (B) Resistance genes for critically important antibiotics detected in colistin-resistant Enterobacterales. Each

circle represents a genome (isolate) colored by species. Barplots show the number of genomes from the different
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Associated resistance in colistin-resistant Klebsiella spp

Acquired ESBL genes were detected in 3.3% (5/150) of the Klebsiella isolates. Ciprofloxacin

resistance was present in 16/166 isolates (9.6%). This resistance was linked to mutations in

QRDR regions of gyrA and parC in 11/150 isolates (7.3%) and qnr genes in 18/150 isolates

(12.0%). A total of 48/150 isolates (32.0%) harbored aminoglycoside resistance genes (Fig 4).

Associated resistance in colistin-resistant Enterobacter spp

An intermediate phenotype for meropenem was observed in E. cloacae from one Belgian

broiler and to imipenem from one Dutch child (0.2%). Resistance to extended-spectrum ceph-

alosporins was detected in 24.0% (18/75) Enterobacter isolates, while the proportion of isolates

resistant to ciprofloxacin (8.0%, 6/75) and aminoglycosides (4.0%, 3/75) was low (Fig 3). A sin-

gle mutation in QRDR region of gyrA (S83I or S83Y) was detected in 3 isolates (7.2%) from

hospitalized patients and both Belgian broiler isolates harbored a mutation in gyrA (S83I) and

parC (S80I). ESBL genes among Enterobacter spp. were uncommon: blaCTX-M-9 was harbored

by a E. kobei isolate from a Belgian patient and blaSHV-12 was harbored by a E. hormaechei iso-

late from a Dutch patient (Fig 4B).

Virulence potential of colistin-resistant E. coli, Klebsiella and Enterobacter
isolates from different One Health sectors

Virulence factors present in all isolates were linked to fimbrial adhesins, inflammatory signal-

ing, invasion and the enterobactin siderophore. Various iron uptake systems such as aerobac-

tin, salmochelin and yersiniabactin were associated mainly with human Escherichia isolates

and were less prevalent among livestock isolates (p<0.001) (S4 Fig).

Colistin resistance was also detected in K. pneumoniae harboring hypervirulence genes and

various E. coli pathotypes, suggesting that these commensal bacteria may have pathogenic

potential. Investigation of virulence-associated genes have uncovered the presence of virulence

plasmid-associated loci, specifically iuc, iro, and rmpA/rmpA2, in three colistin-resistant K.

pneumoniae strains. These strains have the potential to exhibit hypervirulent characteristics

and belong to two distinct sequence types: ST5 (K39, O1 type), originating from two separate

swine farms in Belgium, and ST592 (K57, O3b type) obtained from a medical facility in the

Netherlands.

Colistin resistance was detected in different pathotypes including intestinal and extraintest-

inal pathogenic E. coli. Colistin-resistant E. coli pathotypes detected were shiga-toxin produc-

ing E. coli (STEC, porcine E. coli n = 2), diffusely adherent E. coli (DAEC, human-derived E.

coli, n = 14), atypical enteropathogenic E. coli (aEPEC, n = 18 from all One Health sectors) and

uropathogenic E. coli (UPEC) harboring papC, papG and iucC (human-derived E. coli, n = 24).

Of these pathogenic E. coli, 22 isolates (35.5%) were MDR. Half of these pathogenic, MDR E.

coli (n = 11) belonged to known invasive extraintestinal E. coli STs (ST10, ST38, ST69, ST73

and ST131) [43].

Detection of colistin resistance within pandemic lineages

A diversity of STs was detected among the ColR-E isolates. Several high risk clonal lineages,

such as E. coli ST10 (n = 35) of which three harbored mcr-1.1 on an IncX4 plasmid, ST38

sectors (top) and containing the resistance gene (right) colored by species. N: Naturally occurring genes, Kpn: K.

pneumoniae, QRDR: Quinolone-resistance determining region, FQ: Fluoroquinolone, ESBL: Extended-spectrum beta-

lactamase, * aminoglycoside genes linked to resistance to gentamicin, tobramycin.

https://doi.org/10.1371/journal.pone.0298096.g004

PLOS ONE Investigating colistin resistance using a One Health approach

PLOS ONE | https://doi.org/10.1371/journal.pone.0298096 February 23, 2024 14 / 25

https://doi.org/10.1371/journal.pone.0298096.g004
https://doi.org/10.1371/journal.pone.0298096


(n = 7), ST131 (n = 17), ST405 (n = 2), ST648 (n = 2), ST1193 (n = 4), K. pneumoniae ST15

(n = 2), ST45 (n = 7), ST101 (n = 1), ST147 (n = 1) and ST307 (n = 1), and E. cloacae ST171

(n = 1) were detected. Most of these isolates (n = 57/80, 71.3%) were not resistant to fluoro-

quinolones, extended-spectrum cephalosporins, carbapenems and aminoglycosides. However,

human-derived E. coli ST131 and ST1193 showed high virulence potential combined with

resistance to critically important antibiotics (Fig 5). Within LTCFs and hospitals, the presence

of E. coli ST131 strains displaying colistin resistance and possessing blaCTX-M-15 and fluoro-

quinolone resistance mutations (H30Rx) were discovered (n = 3), along with the detection of

ST131-H30R (fluoroquinolone-resistant) strains (n = 3).

Potential transmission pathways of ColR-E across and within the One

Health framework

Inter-host transmission between humans and livestock animals (animal-to-human transmis-

sion) was not detected. However, clusters of related isolates were detected within sampling sites

(animal-to-animal and human-to-human transmission), indicating that transmission of ColR-E

occurred within broiler farms and within pig farms, between children within the day care cen-

tres, and between patients residing in the LTCFs and the hospitals (Fig 6 and S7 Table). Related

isolates were also detected between different sampling sites. Closely related isolates of K. pneu-
moniae ST45 (n = 5) were detected between the Dutch and Belgian hospitals, a Belgian day care

centre and a Dutch LTCF. Similarly, a clonal clustering of E. coli ST10 (n = 4) was identified at

two Belgian day care centres and at a Dutch day care centre. The transmission of mcr-1.1- and

mcr-2.1- harboring E. coli was also detected amongst Belgian pig farms. A recurrent presence of

clonally-related strains was noted during both measurements, strongly suggesting the persistent

circulation of these particular isolates within the pig farm ecosystem (S7 Table).

Discussion

Using an integrative approach, this study showed the presence of ColR-E among all studied

One Health sectors and provides a detailed overview of the phenotypic and molecular makeup

of these colistin-resistant isolates from different niches.

Fig 5. Insights into the resistance to critically important antibiotics and the number of virulence classes present in colistin-resistant isolates from

different One Health sectors. (A) Dotplot of the resistance and number of virulence classes per isolate. Each circle represents a single isolate. Color indicates

species and sequence types of resistant isolates are indicates with labels. LTCF: Long term care facility.

https://doi.org/10.1371/journal.pone.0298096.g005
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Fig 6. Minimum spanning trees of Escherichia coli (A), Klebsiella spp. (B) and Enterobacter spp. (C) isolated from

humans in hospitals, long-term care facilities (LTCF), day care centres, broilers and pigs in farms. Minimum spanning

trees based on allelic distances of cgMLST profile data (2967 loci for E. coli, 3362 loci for Klebsiella spp., and 2952 loci

for Enterobacter spp.). Branch lengths indicate the allelic distance as indicated by the tree scale. Collapsed nodes

indicate genetically related isolates with�10 and 12 allelic differences for E. coli and Klebsiella spp. respectively. The
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This is the first study to have investigated colistin resistance in humans and animals in Bel-

gium and the Netherlands using a One Health approach with a uniform methodology. In the

Netherlands, the parallel monitoring of antimicrobial resistance and antibiotic use in animals

and humans is reported within Nethmap-MARAN. However, colistin screening in humans is

not included [17]. In Belgium, the BELMAP report summarizes the antibiotic use and resis-

tance data in the human and veterinary sectors to provide a One Health overview of the Bel-

gian situation [44]. These national reports lack whole genome sequencing of colistin-resistant

isolates. The available studies on colistin resistance using a One Health concept essentially con-

sist of systematic reviews and meta-analyses of available literature involving a limited number

or specific settings (not using a One Health approach) and using different methodologies

[13,45,46].

In this study, we estimated the prevalence of colistin resistance in various Belgian and

Dutch One Health sectors, with the exception of the environment. Depending on the farm, the

percentage of pigs within a farm colonized with ColR-E varied from 0% to 93.3%. The level of

colistin resistance was positively associated with the prior colistin usage in these pig farms, as

was also shown by other studies in food animals [47,48]. Although the sales of polymyxins in

veterinary medicine is decreasing since 2011 [17,44,47], colistin was used in most of the pig

farms in this study. Pigs remain the species with the largest use of colistin, especially weaner

pigs for the treatment of enteropathogenic E. coli infections [44,49,50]. In contrast, colistin

was used less frequently in the studied broiler farms which is reflected by the low percentage of

broilers carrying ColR-E (2.2%). According to the national and European monitoring systems

investigating resistance in indicator bacteria from healthy food-producing animals, prevalence

of colistin resistance remained stable and very low (below 10%) over the years [44,49,51].

Colistin resistance in E. coli was not detected in the gastrointestinal tract of food-producing

animals, meat and vegetables in the Netherlands in 2021 when using passive screening (non-

selective isolation) [17]. The discrepancies with the prevalence found in pig farms in this study

can probably be explained by the enrichment step and selective culturing methods we used

here and which may have resulted in higher prevalence comparatively to studies using less sen-

sitive methods [52,53]. Secondly, the selected farms had higher than average antibiotic use and

are not representative for all farms in Belgium and in the Netherlands. Notwithstanding that

the use of colistin in food-producing animals outweighs the use of colistin in humans in

Europe [47], the prevalence of fecal carriage of ColR-E was relatively frequent in the three dif-

ferent human health sectors assessed in this study. The proportion of hospitalized patients car-

rying ColR-E was higher in the Netherlands (11.3–11.8%) than in Belgium (4.4–7.9%) though

this can not be considered as representative for the whole country as only one Belgian and two

Dutch hospitals were involved in the present study. In contrast, proportions of humans colo-

nized with ColR-E in the other human health sectors were higher in Belgium (10.2% in LTCF

and 17.6% in day care centres) compared to the Netherlands (5.6% in LTCF and 12.8% in day

care centres). The occurrence of colistin resistance in the human population is sparsely studied

in Europe. The prevalence of colistin resistance among human clinical Enterobacterales

showed a regional variation of 2.4% to 3.4% in Europe [11]. In Switzerland, 1.5% of healthy

individuals and 3.8% of primary care patients were carriers of ColR-E [54]. A recent study

showed that 0.3% of the tested E. coli and 0.6% of the tested K. pneumoniae from clinical sam-

ples in the Netherlands were colistin-resistant [8] and colistin resistance in invasive clinical E.

coli isolates from hospitalized patients in Belgium remains below 1% [44]. A surprisingly high

sequence type is indicated for each cluster of related isolates. The origin of isolation is shown as colored nodes for each

isolates.

https://doi.org/10.1371/journal.pone.0298096.g006
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percentage of children in day care centres (15.1%) showed rectal carriage of ColR-E in this

study. The causes of these high occurrences remain unclear. They could possibly partly be

explained by factors investigated within our project, such as frequent contact of the studied

children with animals (>70% of the children had contact with domestic animals, petting zoo

animals and livestock animals) or hospital stays (7% of the Dutch children and 18% of the Bel-

gian children were admitted in a hospital in the last six months before measurement) [55,56].

A total of 7% of the Belgian and 4% of the Dutch LTFC residents received antibiotic treatment

in the last six months before measurement [57,58]. In addition, infection prevention measures

(hand hygiene and a clean environment in LTCF as well as hand hygiene, cleaning of toys and

avoiding fecal contamination such as cleaning the changing table, use of paper towels in day

care centres) could be improved in most day care centres and LTCFs within the study to pre-

vent the spread of resistant bacteria [55,57]. Adenosine triphosphate (ATP) measurements

also showed higher levels of environmental contamination in Dutch hospitals compared to

Belgian hospitals, likely due to differences in cleaning protocols [59].

Plasmid-mediated colistin resistance was detected in 6.4% of the isolates, which is in line

with a previous study (9.7%) [8]. mcr genes were detected in 1.0% of the hospitalized patients,

1.8% of the LTCF residents, 0.7% of the children attending childcare centers, and none of the

broilers which is lower than the estimated prevalences in these sectors worldwide (7.4% in

healthy humans, 4.2% patients, 15.8% of chickens). The estimated prevalence in pigs was

somewhat higher in our study (17.4%) compared to the meta-analysis (14.9%) [13]. Colistin

resistance genes mcr-1.1, mcr-2.1 and mcr-5.1 were reported before in E. coli from Belgian pigs

between 2012 and 2016 [60]. The persistence of the highly related IncX4 plasmids harboring

mcr-1.1 or mcr-2.1 over a one-year period in these pig farms emphasizes the need for increased

efforts to control the spread of mcr genes. For example, the ban on free use of colistin in ani-

mals has reduced the incidence of mcr-1-harboring IncX4-type plasmids, whose presence is

associated with an effective dispersal potential in Enterobacterales and across different One

Health niches (human, dogs, chickens and flies) [13–15,61]. Co-localization of mcr genes with

other resistance genes on the same plasmid was not detected in our study, however, the major-

ity of isolates was sequenced using short-read sequencing which complicates this analysis.

In this study, mcr-1 to mcr-8 were not detected in human isolates, which is different from

previous studies [13]. Reports on mcr-9 in K. pneumoniae and E. cloacae from clinical samples

in the Netherlands were published before (2015–2020) [8,62]. In this study, mcr-9 and mcr-10
were observed among several Enterobacter spp. human isolates from hospitals, day care centres

and LTCF in Belgium and the Netherlands suggesting that surveillance of these mcr genes is

needed. The mcr-harboring plasmids showed high levels of similarity to plasmids previously

isolated in different countries worldwide showing the global spread of these mcr-harboring

plasmids. In addition, mcr genes were flanked by IS elements, strongly suggesting the potential

for mobility of these mcr genes.

In contrast to mcr-plasmids, chromosomal mutations in the core genome are found to be

highly stable and irreversible, even after usage of colistin was stopped [4,11]. For the majority

of the studied isolates, colistin resistance was caused by chromosomal mutations in genes/

operons involved in the biosynthesis of the cell-wall LPS. The presence of these stable chromo-

somal mutations are worrying when present in key human pathogenic lineages. Indeed, vari-

ous international high-risk clones, such as E. coli ST1193 and ST131 harbored chromosomal

mutations, meaning that spread of colistin resistance is possible if these mutations are stable

and transmitted to the descendants within that clone. In addition, genetically related clones of

K. pneumoniae ST45 and E. coli ST10 were found at different sites, suggesting that these clones

might have the potential to spread colistin resistance through the human population or were

acquired by exposure to a common (food) source. Clusters of E. coli ST10 were also prevalent
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in several pig farms some of which harbored the mcr-1.1 (n = 3). E. coli ST10 was described as

a reservoir for mcr-1 genes before [63] and has the potential to disseminate this gene among

food-producing animals.

Fortunately, inter-host transmission between humans and livestock animals was not

observed in this study nor in other studies [61,64,65] and resistance to fluoroquinolones,

extended-spectrum cephalosporins, aminoglycosides and carbapenems remained low (<10%),

providing several alternative treatment options for these colistin-resistant isolates.

Our study has several limitations. Firstly, this study lacks extensive epidemiological data

leaving gaps in our understanding of pathogen transmission. As a result strict thresholds for

clonal relatedness were applied. Secondly, the chromosomal mutations were found by in silico
analysis and were not experimentally confirmed. Thirdly, very few hospitals were included in

the study and farms were not representative for the country as we selected farms with higher

than average total antibiotic use making the occurrences of colistin resistance in these sectors

not representative for the country. Nonetheless, to the best of our knowledge, this is the first

One Health study to combine harmonized data on colistin use as well as phenotypic and

molecular methods and provide detailed insights into the epidemiology of colistin resistance

in the clinical setting, the community and livestock animals in Europe.

Conclusion

Colistin resistance poses a significant threat to the treatment of MDR Gram-negative bacterial

infections and its spread must be contained. The present research offers valuable insights into

the presence of colistin resistance across various One Health sectors, which could inform con-

tainment strategies related to food production and prudent antibiotic use, with the aim of safe-

guarding public health.
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18. Büdel T, Kuenzli E, Campos-Madueno EI, Mohammed AH, Hassan NK, Zinsstag J, et al. On the island

of Zanzibar people in the community are frequently colonized with the same MDR Enterobacterales

found in poultry and retailed chicken meat. Journal of Antimicrobial Chemotherapy. 2020; 75(9): 2432–

2441. https://doi.org/10.1093/jac/dkaa198 PMID: 32562537

PLOS ONE Investigating colistin resistance using a One Health approach

PLOS ONE | https://doi.org/10.1371/journal.pone.0298096 February 23, 2024 22 / 25

https://www.oie.int/fileadmin/Home/eng/Our_scientific_expertise/docs/pdf/Eng_OIE_list_antimicrobials_May2015.pdf
https://www.oie.int/fileadmin/Home/eng/Our_scientific_expertise/docs/pdf/Eng_OIE_list_antimicrobials_May2015.pdf
https://doi.org/10.1016/j.ijantimicag.2015.06.005
http://www.ncbi.nlm.nih.gov/pubmed/26215780
https://doi.org/10.3390/vetsci9110650
http://www.ncbi.nlm.nih.gov/pubmed/36423099
https://doi.org/10.1128/CMR.00064-16
http://www.ncbi.nlm.nih.gov/pubmed/28275006
https://doi.org/10.1186/s13054-018-2057-2
http://www.ncbi.nlm.nih.gov/pubmed/29843808
https://doi.org/10.1038/s43856-022-00115-6
https://doi.org/10.1038/s43856-022-00115-6
http://www.ncbi.nlm.nih.gov/pubmed/35607432
https://doi.org/10.2807/1560-7917.ES.2019.24.9.1900123
https://doi.org/10.2807/1560-7917.ES.2019.24.9.1900123
http://www.ncbi.nlm.nih.gov/pubmed/30862330
https://doi.org/10.2147/IDR.S199844
http://www.ncbi.nlm.nih.gov/pubmed/31190901
https://doi.org/10.1093/femsre/fuab049
http://www.ncbi.nlm.nih.gov/pubmed/34612488
https://doi.org/10.1016/j.scitotenv.2021.149280
http://www.ncbi.nlm.nih.gov/pubmed/34364270
https://doi.org/10.3390/pathogens11060659
http://www.ncbi.nlm.nih.gov/pubmed/35745513
https://doi.org/10.1016/j.eng.2022.01.013
https://doi.org/10.1016/j.eng.2022.01.013
https://doi.org/10.1080/22221751.2020.1754133
http://www.ncbi.nlm.nih.gov/pubmed/32284036
https://doi.org/10.1038/s41467-018-03205-z
https://doi.org/10.1038/s41467-018-03205-z
http://www.ncbi.nlm.nih.gov/pubmed/29563494
https://www.rivm.nl/publicaties/nethmap-2022-consumption-of-antimicrobial-agents
https://www.rivm.nl/publicaties/nethmap-2022-consumption-of-antimicrobial-agents
https://doi.org/10.1093/jac/dkaa198
http://www.ncbi.nlm.nih.gov/pubmed/32562537
https://doi.org/10.1371/journal.pone.0298096


19. Fernandes MR, Sellera FP, Esposito F, Sabino CP, Cerdeira L, Lincopan N. Colistin-Resistant mcr-1

-Positive Escherichia coli on Public Beaches, an Infectious Threat Emerging in Recreational Waters.

Antimicrob Agents Chemother. 2017; 61(7):e00234–17. https://doi.org/10.1128/AAC.00234-17 PMID:

28416556

20. Caltagirone M, Nucleo E, Spalla M, Zara F, Novazzi F, Marchetti VM, et al. Occurrence of extended

spectrum β-lactamases, KPC-Type, and MCR-1.2-producing enterobacteriaceae from wells, river

water, and wastewater treatment plants in Oltrepò Pavese area, Northern Italy. Front Microbiol. 2017;

8:2232. https://doi.org/10.3389/fmicb.2017.02232 PMID: 29176971

21. Tacconelli E, Sifakis F, Harbarth S, Schrijver R, van Mourik M, Voss A, et al. Surveillance for control of

antimicrobial resistance. Lancet Infect Dis. 2018; 18: e99–e106. https://doi.org/10.1016/S1473-3099

(17)30485-1 PMID: 29102325

22. Caekebeke N, Jonquiere FJ, Ringenier M, Tobias TJ, Postma M, van den Hoogen A, et al. Comparing

Farm Biosecurity and Antimicrobial Use in High-Antimicrobial-Consuming Broiler and Pig Farms in the

Belgian–Dutch Border Region. Front Vet Sci. 2020; 7: 558455. https://doi.org/10.3389/fvets.2020.

558455 PMID: 33330687

23. Kluytmans-Van Den Bergh M, Lammens C, Perales Selva N, Verhulst C, Buiting A, et al. Microbiological

methods to detect intestinal carriage of highly-resistant microorganisms (HRMO) in humans and live-

stock in the i-4-1-Health Dutch-Belgian cross-border project. [Preprint] 2019. [cited 2022 Jan 17] https://

doi.org/10.20944/preprints201912.0216.v1

24. Magiorakos AP, Srinivasan A, Carey RB, Carmeli Y, Falagas ME, Giske CG, et al. Multidrug-resistant,

extensively drug-resistant and pandrug-resistant bacteria: An international expert proposal for interim

standard definitions for acquired resistance. Clinical Microbiology and Infection. 2012; 18(3): 268–281.

https://doi.org/10.1111/j.1469-0691.2011.03570.x PMID: 21793988

25. Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, et al. SPAdes: A new genome

assembly algorithm and its applications to single-cell sequencing. Journal of Computational Biology.

2012; 19(5): 455–477. https://doi.org/10.1089/cmb.2012.0021 PMID: 22506599
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